First-principles total-energy calculations reveal a novel local atomic reconstruction mode around anion vacancies in II-VI and chalcopyrite compounds resulting from the formation of metal dimers. As a consequence, the neutral Se vacancy has an unexpected low symmetry in ZnSe and becomes a deep donor in both ZnSe and CuGaSe 2 , contrary to the common belief regarding chalcopyrites. The calculated optical transition energies explain the hitherto puzzling absorption bands observed in the classic experiments of the color center in ZnS. DOI: 10.1103/PhysRevLett.93.156404 PACS numbers: 71.15.Mb, 71.20.Nr, 71.55.Gs Vacancies are the most fundamental point defects in solids, controlling mechanical properties in metals [1] and electrical properties in semiconductors [2] . While in homopolar IV-IV semiconductors vacancies produce deep (recombination) centers [2, 3] , in III-V and II-VI compound semiconductors vacancies can produce shallow states that are capable of releasing free carriers [2, 4] . Anion-site vacancies are important technologically for their concentration is readily controlled during growth via the anion-source vapor pressure, affording direct control of the free electron density when the anion vacancy produces shallow donor levels. Whereas the Se vacancy V Se in ZnSe was predicted to create a deep donor level [5, 6] , other anion vacancies are often thought to be shallow [4] . Indeed it has long been believed that the oxygen vacancy in ZnO yields a shallow donor state, which renders this material metalliclike n-type, serving as a "natural dopant", which produces a "transparent conductor" [4, 7] . Similarly, in the ternary analog of II-VI semiconductors-the chalcopyrite family (e.g., CuInSe 2 and CuGaSe 2 )-, shallow donor states have been attributed to the anion vacancy on the basis of electrical and optical measurements [8, 9] , as well as theoretical investigations [10] . The expectation that the anion vacancy produces a shallow level has guided growth and design of chalcopyrite solar cells [11, 12] . Furthermore, since the neutral anion vacancies in II-VI materials create a closed-shell a 2 1 (He-like) electronic configuration, it was expected theoretically [13] that the atomic configuration around the vacancy would be symmetric (i.e., no Jahn-Teller distortion).
Vacancies are the most fundamental point defects in solids, controlling mechanical properties in metals [1] and electrical properties in semiconductors [2] . While in homopolar IV-IV semiconductors vacancies produce deep (recombination) centers [2, 3] , in III-V and II-VI compound semiconductors vacancies can produce shallow states that are capable of releasing free carriers [2, 4] . Anion-site vacancies are important technologically for their concentration is readily controlled during growth via the anion-source vapor pressure, affording direct control of the free electron density when the anion vacancy produces shallow donor levels. Whereas the Se vacancy V Se in ZnSe was predicted to create a deep donor level [5, 6] , other anion vacancies are often thought to be shallow [4] . Indeed it has long been believed that the oxygen vacancy in ZnO yields a shallow donor state, which renders this material metalliclike n-type, serving as a "natural dopant", which produces a "transparent conductor" [4, 7] . Similarly, in the ternary analog of II-VI semiconductors-the chalcopyrite family (e.g., CuInSe 2 and CuGaSe 2 )-, shallow donor states have been attributed to the anion vacancy on the basis of electrical and optical measurements [8, 9] , as well as theoretical investigations [10] . The expectation that the anion vacancy produces a shallow level has guided growth and design of chalcopyrite solar cells [11, 12] . Furthermore, since the neutral anion vacancies in II-VI materials create a closed-shell a 2 1 (He-like) electronic configuration, it was expected theoretically [13] that the atomic configuration around the vacancy would be symmetric (i.e., no Jahn-Teller distortion).
Using first-principles supercell calculations on the Se vacancy in ZnSe, we find a highly nonsymmetric atomic configuration, with lower point-group symmetry (C 2v ) and 0.32 eV lower total energy than the symmetryconserving (T d ) configuration underlying the tetrahedral zinc blende lattice. This geometry was discovered during energy-minimizing atomic relaxation simulations by starting from highly nonsymmetric atomic configurations, rather than from the traditional, near-T d starting point. This symmetry lowering is driven by the energetically stable formation of Zn-Zn dimer bonds around the anion vacancy. For V Se in CuGaSe 2 , we find the formation of an even stronger Ga-Ga dimer bond next to the anion vacancy. As a result of these strong atomic reconstructions, we find that the anion vacancies become deep donors with electrical levels located in the lower part of the band gap, incapable of producing free electrons. This is an important result, for it suggests that the prevailing view that anion vacancy control would make chalcopyrites n-type [8,10 -12] , has to be discarded. Furthermore, our discovery of metastable configurations associated with large lattice relaxations can account for the previously puzzling phenomenon of p-type "persistent photoconductivity" observed in chalcopyrite CuIn; GaSe 2 photovoltaic devices [12] . The formation of deep anion vacancy orbitals in II-VIs explains the absorption bands which result in excitation and quenching of the electron paramagnetic resonance (EPR) in the classic experiments of the color center in ZnS [14] and in newer experiments in ZnSe [15] , without the need to invoke other defects, as originally proposed [14, 15] .
Method-We use 64 atom supercell calculations in order to determine for the anion vacancy the atomic structure, the electronic structure (single-particle defect levels), defect formation energy H f (cp. e.g., Ref. [10] ), and optical transition energies. The total-energy E and atomic forces were calculated in the pseudopotentialmomentum space formalism [16] within the local density approximation (LDA) of density functional theory. We use the Ceperley-Alder LDA exchange correlation potential as parameterized by Perdew and Zunger [17] and projector augmented wave potentials as implemented in the VASP code [18] . The energy cutoff in the plane-wave expansion was 280 eV, and Brillouin zone integrations were performed on a 3 3 3 mesh using the improved tetrahedron method. In case of the charged vacancies, the spurious interaction of periodic image charges is corrected to OL ÿ5 [19] , where L is the linear supercell dimension. We use the experimental lattice constants of VOLUME 93, NUMBER 15 [23] , thus lowering the energy of the valence band maximum (VBM) E v and increasing the band gap of ZnSe by 0.28 eV and that of CuGaSe 2 by 0.37 eV. The remaining discrepancy between the LDA+U band gaps (1.35 and 0.4 eV) and the measured ones (2.8 and 1.7 eV) was accommodated by shifting the conduction band (CB) minimum upwards. The shift of the conduction band states was not applied to the donor level of the vacancy, because it is not expected to follow the CB due to the localized, bondinglike nature of the occupied vacancy orbital [24] .
Asymmetric atomic configuration and formation of metal dimers-Removal of a neutral column VI element from the II-VI lattice creates a doubly occupied, closedshell a 2 1 level. It was thus not expected that any JahnTeller type symmetry-lowering (akin, e.g., to the openshell a
) would take place [6, 13] . Accordingly, the energy gain of V 0 Se in ZnSe associated with symmetry lowering from T d to trigonal (C 3v ) calculated by Pöykkö et al. [6] , was left unexplained. We investigate here the different possible relaxation modes of V 0 Se in ZnSe and CuGaSe 2 (lower part of Fig. 1 ). For ZnSe, we find, in agreement with Pöykkö et al. [6] , that the C 3v relaxation mode of V 0 Se in ZnSe (not shown in Fig. 1 ) is more stable than the tetrahedral mode by 0.16 eV. However, an orthorhombic (C 2v ) relaxation mode ( Fig. 1) , is found to be even more stable, being 0.32 eV lower than the symmetric T d configuration (Table I) [20] . Interestingly, the T d mode is found to be an unstable (albeit force free) configuration in that it decays without activation into the C 2v state after application of a normal mode distortion consisting of an orthorhombic expansion of two of the four Zn-Zn distances next to the vacancy. Analysis of the wave functions shows that the a 1 state is constructed from a bondinglike combination of two, three, or four Zn dangling bond orbitals in the C 2v , C 3v , and T d symmetry, respectively. In CuGaSe 2 , the Se atom is surrounded by two Cu and two Ga atoms, so the initial site symmetry around Se is already C 2 (monoclinic). While Cu-Cu, Cu-Ga, or Ga-Ga dimers are possible, we find that only Ga-Ga dimer bonds form. The reason is that the energies of the 4s and 4p atomic orbitals, from which the dangling bonds are constructed, decrease along the Cu ! Zn ! Ga sequence, and, consequently, the Ga-Ga dimer is more stable than the Cu-Ga or Cu-Cu dimers. The structural configurations around the relaxed neutral Se vacancy in ZnSe and CuGaSe 2 are given in Table I 
1. The single-particle energies of the a 1 (a) vacancy orbitals in ZnSe (CuGaSe 2 ) with respect to the host band structure, for the neutral and the 2 state using experimental lattice constants. The higher energy t 2 (b) orbitals are also shown for completeness. (The splitting of the t 2 orbital in the C 2v symmetry is small and, therefore, omitted). In the lower panel, the relaxation pattern and point-group symmetry corresponding to the different charge states are indicated. 
VOLUME 93, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S week ending 8 OCTOBER 2004
ering the single-particle energy of the a 1 a orbital in ZnSe (CuGaSe 2 ) from E v 1:1 eV (E v 0:2 eV), before relaxation to E v 0:2 eV (E v ÿ 2:5 eV), after relaxation. Thus, as illustrated in the upper panel of Fig. 1 (Fig. 1) , showing a breakup of the metal-metal dimers (Table I) , and a return to the original T d lattice symmetry (Fig. 1, bottom) [5, 6] . Thus, the Se vacancy in ZnSe is a ''negative-U defect'', with U ÿ0:81 eV being the energy balance of the above reaction. Since, however, the disproportion is associated with considerable energy barriers, it is possible to create V Deep donor transition energies - Figure 2 shows the defect formation energy H f as a function of the Fermi level E F in the Se-poor regime. The intersection points where the formation energies H f of two charge states q and q 0 are equal (Fig. 2) mark the thermal transition energies q=q 0 . We see from Fig. 2 that (i) the formation energy of the neutral V 0 Se in both materials is above 2 eV, so that the neutral vacancy is not abundant even under Se-poor conditions. (ii) The 2=0 donor transition, which releases simultaneously two electrons to the conduction band, occurs at E v 1:34 eV E C ÿ 1:46 eV in ZnSe and E v 0:08 eV E C ÿ 1:62 eV in CuGaSe 2 , i.e., in the lower half of the band gap. Calculations for V Se in CuInSe 2 yield also a thermal transition energy very close to VBM, resulting from a similar relaxation pattern as discussed for CuGaSe 2 . Thus, the Se vacancy is a deep defect in ZnSe, CuGaSe 2 , and CuInSe 2 , and can not provide electrons to the CB by thermal ionization. This result is in marked contrast to the common belief, expressed, in particular, for the chalcopyrite semiconductor CuInSe 2 [8,10 -12] . Regarding the identity of the native donor that produces n-type conductivity in CuInSe 2 under appropriate growth conditions [8, 12] , we rule out the Se vacancy due to the very large ionization energy. Recent work suggests that In Cu is a likely candidate [25] .
Predicting vacancy optical excitations-Experimentally, two optical absorption bands related to the anion vacancy were observed in ZnS [14] and ZnSe [15] : First, illumination into the higher energy absorption band, which was associated with unspecified defects [14, 15] , increased the intensity of the EPR active, spin 1=2 state V anion of the vacancy. Illumination into the second, lower energy band, identified with the V anion level itself [14, 15] , caused quenching of the EPR. Figure 3 illustrates schematically the optical transitions that can cause excitation and quenching of the EPR active V anion state. We next show that our calculated deep vacancy levels explain both observed bands rather simply without the need to invoke additional unspecified defects. We calculate the optical (vertical) transition energies from total-energy differences, fixing the relaxed atomic positions of the initial state according to the Franck-Condon principle. (i) The a Figure 1) , the calculated transition energies o 0=; e 3:49 eV (ZnS) and 2.66 eV (ZnSe) equal almost the band gap energy. These values agree well with the respective absorption bands with the onset at 3.3 eV (ZnS, Ref. [14] ) and 2.4 eV (ZnSe, Ref. [15] 
Se e transition, labeled o =2; e in Fig. 3 , in which the second electron is excited to the CB: The calculated transition energies o =2; e 2:59 eV and 1.59 eV again compare well with the experimental photon energies of 2.6 eV (ZnS, Ref. [14] ) and 1.7 eV (ZnSe, Ref. [15] ), which result in quenching of the EPR signal and bleaching of the coloration. The o =0; h and o 2 =; h transitions, shown in Fig. 3 , correspond to the excitation of an electron from the valence band into the defect state. We calculated also the o =0; h transition, being 2.19 and 1.97 eV in ZnS and ZnSe, respectively. However, the EPR quenching spectra do not show transitions at these energies [14, 15] . In the case of the neutral sulfur vacancy in ZnS, the orthorhombic relaxation mode is again found to be the most stable configuration, indicating that the metal-metal-dimer bond formation next to the anion vacancy is a rather general phenomenon in II-VI and chalcopyrite semiconductors. The good agreement between the calculated optical transition energies with the experimental data confirms that the energies of these localized donor orbitals have to be referred to the valence band states rather than the conduction band states, thus validating the above described way to correct the LDA band gap error.
In summary, nonsymmetric atomic relaxation patterns induced by the formation of stable metal-metal-dimer bonds are identified as the energetically favorable reconstruction of the neutral anion vacancy in all investigated semiconductors; ZnSe, ZnS, CuGaSe 2 , and CuInSe 2 . Such atomic relaxations significantly alter the energy of the defect orbitals, rendering the anion vacancy a deep defect. Our results highlight the fact that changes in charge state can be associated with activated structural transformations. The optical transitions arising from the vacancy levels explain the illumination behavior of the color center in ZnSe and ZnS without the need to assume interaction with additional defects.
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